Abnormal feeding behaviour in spinalised rats is mediated by hypothalamus: Restorative effect of exposure to extremely low frequency magnetic field S Ambalayam, S Jain and R Mathur Study design: Experimental study. Objectives: To investigate the role of hypothalamus in abnormal feeding behaviour after spinal cord injury (SCI) and the effect of exposure to extremely low frequency magnetic field (ELF-MF) on it. Setting: India. Methods: Male Wistar rats (n = 44) were divided into Sham (laminectomy), SCI (complete transection of T13 spinal cord), SCI+MF (ELF-MF exposure to SCI rats), VMHL (lesion of ventromedial hypothalamus; VMH), SCI+VMHL (VMHL after SCI) and SCI +VMHL+MF (ELF-MF exposure to SCI+VMHL rats) groups. Food intake (FI), water intake (WI), calorie intake (CI), body weight (BWT), taste preference and sucrose-induced biphasic (SIB) response to noxious stimulus were studied pre and post surgery. Neuronal activity at VMH was assessed by c-Fos immunohistochemistry. The extent of neuronal degeneration and regeneration in spinal cord was assessed microscopically. Results: Data revealed post-SCI decrease in FI, WI, CI and BWT, preference for sodium chloride and citric acid, prolonged analgesic phase of SIB and increased c-Fos immunoreactivity in VMH of SCI rats vs Sham rats. VMH lesion increased FI, WI, CI, BW, preference for sweet tastants and abolished SIB, whereas in SCI+VMHL rats it abolished the effects of SCI on these parameters indicating probable involvement of VMH in SCI-induced alteration in feeding behaviour. Exposure to MF improved the study parameters in SCI rats and reduced the c-Fos immunoreactivity in VMH besides reduction in lesion volume, greater myelination and neuronal regeneration at SCI site. Conclusion: SCI influences VMH, leading to alteration in feeding behaviour, which is improved by exposure to ELF-MF.
INTRODUCTION
Spinal cord injury (SCI) leads to under nutrition 1 besides agonising sensorimotor deficits below the level of lesion. [2] [3] [4] [5] [6] In addition, there is a significant decrease in food intake (FI), water intake (WI) and body weight (BWT) after SCI in rats, 7, 8 which is attributed to gastrointestinal dysmotility resulting from gastro-inhibitory signals 9 and/or delayed emptying. 10, 11 However, the cause for a significant reduction in FI or intestinal motility after SCI is not known, while the supraspinal involvement has not been addressed.
Among other supraspinal structures, ventromedial nucleus of hypothalamus (VMH), the satiety centre has a vital role in the control of FI. [12] [13] [14] [15] Lesion of VMH is characterised by voracious hyperphagia, hyperdipsia, marked obesity and finickiness for high lipid and carbohydrate diets. [15] [16] [17] [18] [19] [20] [21] Previous reports from our laboratory suggest the role of VMH in pain modulation by palatable food, which is abolished after its lesion. [22] [23] [24] [25] [26] The influence on FI and food-induced pain modulation is mediated by its glucoresponsive neurons, 23, 27 which respond to changes in both glucose concentration and opioids. 28 We previously reported a significant decrease in brain concentration of 5-HT in a similar rat model of SCI, which may probably contribute towards a decrease in FI, WI and BWT, as a decrease in 5-HT concentration in the hypothalamus is associated with acute food deprivation. [29] [30] [31] Therefore, the literature indicates hypothalamus as the possible site responsible for dysregulation of FI and energy balance after SCI. We, therefore, systematically investigated the probable involvement of VMH in the dysregulation of FI and related pain responses after SCI. Moreover, there is no available management strategy for it.
Extremely low frequency magnetic field (ELF-MF) has been reported to improve the quality of life after SCI by significantly increasing locomotor recovery, [32] [33] [34] [35] better autonomic control of urinary bladder, improvement in pain status 36 and gastrointestinal (GI) motility. [37] [38] [39] [40] In addition, there are reports of facilitation of neuroregenerative processes after nerve injury. 41, 42 However, in these studies, there are significant variations in the type, strength and duration of MF besides the animal model of SCI, which leads to difficulty in understanding the underlying mechanism of its beneficial effect. Earlier reports from our laboratory have also documented beneficial effect of ELF-MF (50 Hz, 17 .96 μT, 2 h per day for 8 weeks) exposure on sensorimotor function, osteoporosis, FI, WI and BWT in the comparable spinal cord-injured rats. 7, 43, 44 However, its influence on VMH control on FI and energy balance after SCI is not known.
In the present study, the precise involvement of VMH in the SCI-induced hypophagia is investigated. Moreover, the study is extended to investigate the influence of ELF-MF on it. We have selected various parameters that are specific for the assessment of VMH functions related to feeding behaviour and food-induced pain modulation.
MATERIALS AND METHODS Animals
Approval for the study was obtained by the Ethical Committee of All India Institute of Medical Sciences. Adult male Wistar rats (n = 44) weighing 250-300 g were obtained from Experimental Animal Facility of institute and maintained at 24 ± 2°C and 14:10 h light-dark cycle. Rats were marked and individually housed in specific pathogen-free conditions with ad libitum access to laboratory food pellets (Ashirwad Industries, Chandigarh, India) and fresh tap water. They were divided into 7 groups-namely, Sham-SCI (n = 7), Sham-SCI+Sham-VMHL (n = 6), SCI (n = 7), VMHL (n = 6), SCI+VMHL (n = 6), SCI+MF (n = 6) and SCI+VMHL+MF (n = 6) groups. The data of Sham-SCI and Sham-SCI+Sham-VMHL did not vary among themselves and therefore the pooled data are presented.
Surgical procedures
Spinal cord injury. On the day of surgery, the rat was anaesthetised with a combination of ketamine hydrochloride (60 mg kg − 1 BWT) and xylazine (10 mg kg − 1 BWT). The supplement dose of ketamine (i.p) was given to maintain the level of anaesthesia, if required. After skin incision and laminectomy, the spinal cord was completely transected at the T13 level with a fine micro scissor, as described by Ichiyama et al. 45 which was confirmed under a surgical microscope. A 2-mm long sterile, haemostatic, absorbable gelatin base foam (Abgel; Sri Gopal krishna Pvt. Ltd, Mumbai, India) was placed in the gap that was aligned with the rostral and caudal cut ends of the spinal cord. Rats in the Sham-SCI group received only laminectomy without disrupting the dura. The muscles and skin were sutured in layers with silicon thread (Ethicon, Johnson and Johnson Ltd, Mumbai, India) and topical antibiotic cream (Providone iodine, Glide Chem Pvt. Ltd, Rampur Ghat, India) was applied. Intra-and post-operative body temperatures were maintained by placing the rat on a controlled heating pad (CMA-150, CMA Microdialysis, North Chelmsford, MA, USA). Manual expression of urinary bladder was performed thrice daily until spontaneous voiding was achieved. The rat was monitored for urinary tract infection.
VMH lesion. After anaesthetising the rat with ketamine hydrochloride (60 mg kg − 1 BWT) and xylazine (10 mg kg − 1 BWT), its head was fixed in stereotaxic apparatus (Stereodrive, Neurostar, Germany). Bilateral electrolytic lesion of VMH (co-ordinates; AP:2.52 mm, L:0.6 mm, DV:9.4 mm) 46 was performed with the help of concentric bipolar electrode (outer guide cannula of 21-gauge and inner stainless steel wire of 28-gauge) by applying 2 mA D.C. for 15 s. In Sham VMHL rats, the electrodes were removed after 5 min of implantation without applying current. Gentamicin cream was applied after suturing the skin and post-surgical recovery was closely monitored.
MF exposure chamber
The chamber consisted of modified Helmholtz coils mounted on a stand, a movable platform for the rat cage and a current regulator that maintained constant current through the coils. There were two outer coils (C1, C4) and two inner coils (C2, C3) with 18 and 8 turns of wire, respectively, wound on circular frame. The coils were connected in series that provided a uniform MF in the central movable platform area where the rats were kept. 47 Six rats were placed in a specially designed polypropylene cage (50 × 20 × 15 cm) for their simultaneous exposure to MF. This cage was indigenously built and had six compartments. One rat was kept in each compartment. Before exposing the rats, the MF was precisely adjusted to 17.96 μT by using a magnetometer (Walker Scientific Inc. Auburn Hills, MI, USA) and the current regulator.
Feeding behaviour
Food intake, water intake, calorie intake and body weight. The rat was provided with pre-weighed laboratory food pellets and fresh tap water in spill-proof containers. Left over food and water were measured after 24 h. The cumulative FI, WI and calorie intake (CI) for 7 days was considered for analysis. Total CI was calculated by multiplying the calorific value of food given with the amount of food ingested. When sucrose was given as a part of the experiment, its calorific value was also considered and included for the calculation of total CI. The calorific value of laboratory pellets given to the rats was found to be 3.65 kcal g − 1 . The BWT was recorded (Tula digital Pvt. Ltd, New Delhi, India) weekly.
Taste preference test. 'Two-bottle' preference test was utilised to determine any alteration in palatability. On the day of experiment, in addition to tap water, one of the tastant solutions-namely, sodium chloride (0.9%), sucrose (20%), saccharine (0.15%), citric acid (1.05%) and quinine hydrochloride (0.024%)-was provided. One tastant per day was tested in a well-hydrated rat, and the amount of solution ingested during 1 h was noted. Laboratory food pellets were available ad libitum to the rats during the test. 48 Sucrose-induced biphasic response to noxious stimulus. On the day of experiment, the rat received freshly prepared 20% sucrose (Sucrose GR, Merck Ltd, Mumbai, India) solution for 4 h. Fore paw lick latency (FPL), a phasic pain test, was determined before (session I) and after 0.5 h, 1 h, 2 h, 2.5 h, 3 h and 4 h (sessions II-VII, respectively) of sucrose ingestion. 26 The quantity of sucrose ingested during the test was noted.
Fore paw lick latency
Paw sensitivity to thermal noxious stimulus was assessed using hot plate analgesia meter (Omnitech, Woodland Hills, CA, USA), which was maintained at 52 ± 1°C by an inbuilt thermostat. Simultaneous with placement of rat on the hot plate, the timer was started by the pedal switch. The latency to lick the fore-paw(s) got frozen on the monitor, which was recorded as FPL. The 'cutoff' duration was pre-set at 30 s to avoid thermal injury to the plantar surface of the paw during the test. 26 
Histology
At the end of study, the rat was deeply anaesthetised and killed by transcardial perfusion with saline (0.9%) followed by paraformaldehyde (4%) in 0.1 M PBS. Brain and spinal cord were isolated, post-fixed in the same paraformaldehyde solution at 4°C for 6 h and cryoprotected in sucrose (30%) at 4°C for 48-72 h. Brain was cut coronally (6 μm thickness for c-Fos immunohistochemistry in Sham, SCI and SCI+MF rats; 30 μm thickness for cresyl violet (CV) staining in VMHL, SCI+VMHL and SCI+VMHL+MF rats) using a cryostat (Microm HM 550, Thermoscietific, Kalamzoo, MI, USA). Sectioning of SC (30-μm thick) was started from the dorsal side of spinal cord. The sections were collected on poly L-lysine-coated slides. Similar sagittal sections from different rats were collected by selecting specific number (for example, every 30th section) of SC section. The above-mentioned procedure for cutting and collection of SC sections was strictly adhered to so as to enable us to compare nearly similarity of SC areas was various intra-and inter-group rats. In addition, the similarities were again confirmed by specific microscopic features-for example, arrangements of grey and white matter, and so on.
Frozen SC sections were utilised for CV and luxol fast blue (LFB) staining to calculate the lesion volume and assess the degree of myelination, respectively.
c-Fos immunohistochemistry
Fos-immunoreactive (Fos-ir) profile in VMH was determined to assess its neuronal activity. After blocking endogenous peroxidase, the sections were treated with normal serum and then incubated overnight at 4°C with the primary antibody (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA). The sections were then incubated with a biotinylated rabbit secondary antibody for 1 h at room temperature. Bound secondary antibody was amplified during 30 min incubation of the sections in the avidin-biotin complex (Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA, USA). Antibody complexes were visualised by immersing the tissues in 2% diaminobenzidine (Vector Laboratories). This reaction was stopped by rinsing the sections in 50 mM Tris-HCL (pH 7.4). Sections were then covered with a cover slip using mount quick (Daido Sangyo, Saitama, Japan). Three sections per rat (n = 6 in Restorative effect of magnetic field on spinalised rats S Ambalayam et al each group) were selected for the analysis. They were inspected through a microscope (Eclipse 80i, Nikon, Tokyo, Japan), and Fos-ir cells were counted by using software (NIS ELEMENTS, Version AR3, Nikon). Cells were considered c-Fos immunoreactive, if they contained dark, punctuate, nuclear immunostaining. 49 
CV staining
The sections were CV stained to identify and confirm the lesion of VMH and to calculate the lesion volume in SC. Briefly, after rehydration, the sections were treated with warm 0.1% CV solution for 5-10 min. Later, the sections were rinsed with distilled water and dehydrated with two changes each for 5 min in 95% and 100% ethanol, respectively. The sections were cleared with Xylene, mounted with DPX, cover slipped and then visualised (Eclipse 80i, Nikon). The quantification of lesion volume was performed from every fifth section per spinal cord (six rats per group). A total number of 14-15 sections per rat was used for quantification.
LFB staining
SC tissue sections were stained with LFB to assess the myelination. Briefly, the frozen sections were warmed to room temperature, and they were rehydrated by dipping in distilled water for 10 min. Hydrated tissue sections were then immersed in LFB stain and kept overnight in oven at 56°C. Excess stain was rinsed off initially with 95% ethyl alcohol and then with distilled water. The sections were then differentiated by lithium carbonate solution for 30 s followed by 70% ethyl alcohol for another 30 s. After rinsing in distilled water, the sections were checked microscopically to determine the clarity of grey matter and sharpness of white matter. Later the sections were counterstained in the Nuclear Fast Red (Vector laboratories, Cat no: H-3403) solution for 2-5 min and rinsed in distilled water for 5 min. They were then dehydrated with two changes each for 5 min in 95% ethanol and 100% ethanol, respectively. Sections were cleared with xylene, mounted with DPX, cover slipped and then visualised (Eclipse 80i, Nikon). The volume of demyelination was calculated from every fifth section per spinal cord (six rats per group). A total number of 14-15 sections per rat was used for quantification. Spinal cord tissue staining deep blue was interpreted as intact white matter. 50 
GAP-43 immunohistochemistry
Spinal cord sections were incubated in blocking solution (PBS containing 10% normal goat serum, 0.1% Triton X-100) for 2 h at room temperature, followed by overnight incubation at 4°C in a humidified chamber with rabbit anti-growth-associated protein-43 (GAP-43; 1:500; Sigma Aldrich, St Louis, MO, USA) to visualise neuronal sprouting, mouse anti-NeuN (1:1000; Abcam, Cambridge, UK) to visualise mature neurons and mouse anti-NF 160 (1:400; Sigma Aldrich) to axons. The antibodies were prediluted in PBS containing 0.5% normal goat serum and 0.1% Triton X-100. Fluorescent secondary antibodies were either alexa 488-conjugated goat anti-rabbit IgG (1:200; Abcam, Cambridge, MA, USA) or alexa 647-conjugated goat antimouse IgG (1:200; Abcam). Autofluorescence masking was performed by incubating the sections with 0.5% CuSO 4 in 50 mM ammonium acetate buffer for 15 min. After washing, sections were incubated with 0.1% DAPI (4 0 , 6-diamidino-2-phenylindole dihydrochloride; Sigma Aldrich) for 10 min at room temperature for staining the nuclei. Sections were also double labelled with NeuN or NF 160 with GAP-43. Slides were cover slipped with the fluoroshield mounting medium (Sigma Aldrich), and images were obtained using a laser scanning confocal microscope (TCS SP2, Leica, Germany). Quantitative analysis of GAP-43 + cells was performed by a blinded observer using NIS-ELEMENT software. For cell density determination, the number of positively labelled cells was counted from 5 rostral and 5 caudal areas within 1mm length of lesion epicentre at × 40 magnification. Measurements were carried out over 10 images per section per rat (n = 6 in each group).
Study plan
The surgeries (Laminectomy, SCI and VMHL) were performed after obtaining the baseline data of all the parameters. SCI was performed immediately after VMH lesion on the same day in the SCI+VMHL group. FI and WI were measured daily and BWT was recorded weekly. Taste preference test (performed in 5 consecutive days for various tastants) was performed at week 1, 3, 5 and 7, whereas sucrose-induced response to noxious stimulus was performed at week 4 and 8. SCI+MF and SCI+VMHL+MF group of rats were exposed to ELF-MF daily for 2 h from 1100 hours to 1300 hours. Rats were killed at the end of week 8 and their brain and spinal cord were isolated for histological analysis.
Statement of ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during the course of this research.
Statistical analysis
Statistical analysis was carried out using Stata 11.0 (StataCorp, College station, TX, USA). Data was presented as mean ± S.D. or median (min-max) as appropriate. All the parameters were analysed among the groups over a period of time using generalised estimating equation as the observations were correlated. Data of sodium chloride and citric acid intake were analysed among the groups at each time point using the Kruskal-Wallis test and within groups by the Wilcoxon signed-rank test, as the data were not following normal distribution. For multiple comparisons, Bonferroni correction was carried out after generalised estimating equation and the Kruskal-Wallis test. P-valueo0.05 was considered statistically significant.
RESULTS

Feeding behaviour
FI and CI. In comparison with Sham rats, the FI was significantly less in SCI rats, whereas more in VMHL rats during week 1 through 8 ( Table 1 ). The FI in SCI+VMHL rats was significantly more vs SCI rats during the study period. However, no difference was observed between SCI+VMHL and VMHL rats, except during week 1 and 2.
The FI in SCI+MF rats was significantly more (Po0.001) vs SCI rats during week 1 through 8. However, no difference was observed between SCI+VMHL and SCI+VMHL+MF rats. The CI in various rat groups varied similarly to FI.
Water intake. During week 1 through 8, the WI in SCI rats was significantly less, whereas it significantly increased in VMHL rats when compared with Sham rats (Table 2) . However, the WI was more in SCI+VMHL rats vs SCI rats. No difference was observed between SCI +VMHL and VMHL rats, except during week 1.
The WI in SCI+MF rats was significantly more (Po0.001) vs SCI rats during week 1 through 8. However, no difference was observed between SCI+VMHL and SCI+VMHL+MF rats during the study period.
Body weight. The BWT remained significantly less in SCI rats, whereas it increased significantly in VMHL rats vs Sham rats during week 1 through 8. The BWT in SCI+VMHL rats was significantly more vs SCI and less vs VMHL rats during week 1 through 8.
The BWT in SCI+MF rats increased significantly vs SCI rats during week 1 through 8. No significant difference in BWT was observed between SCI+VMHL and SCI+VMHL+MF rats (Table 3) .
Taste preference test Sodium chloride (NaCl). NaCl intake was more in SCI rats during week 3-7, whereas less in VMHL rats during week 5-7 vs Sham rats. However, NaCl intake in VMHL and SCI+VMHL rats was comparable (Table 4) . NaCl intake decreased in SCI+MF rats vs SCI rats and was comparable to Sham rats during week 5-7. No statistical significant difference was observed between SCI+VMHL and SCI+VMHL +MF rats.
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Sucrose. The sucrose intake in SCI rats was significantly less vs Sham rats during week 3-7. In the VMHL and SCI+VMHL rats, the sucrose intake was significantly more vs Sham and SCI rats, respectively, during week 1 through 7 (Table 4) . Sucrose intake in SCI+MF rats significantly increased vs SCI rats during week 3-7 and was comparable to Sham rats. No statistical significant difference was observed between SCI+VMHL and SCI +VMHL+MF rats.
Saccharin. In comparison with Sham rats, intake for saccharin was less in SCI rats, whereas it increased in VMHL rats from week 1 to 7. There was no difference between SCI+VMHL rats and VMHL rats. In comparison with SCI rats, SCI+VMHL rats showed greater saccharin intake from week 1 through 7 (Table 4) .
SCI+MF rats showed higher intake of saccharin vs SCI rats, whereas it was comparable to Sham rats during week 5-7. No statistical significant difference was observed between SCI+VMHL and SCI +VMHL+MF rats.
Citric acid. In comparison with Sham rats, citric acid intake was more in SCI rats during week 1 through 7, and it was less in VMHL rats during week 3-7. Citric acid intake in VMHL and SCI+VMHL rats was comparable (Table 4) .
SCI+MF rats showed lower intake of citric acid when compared with SCI rats, whereas it was comparable to Sham rats during week 1 through 7. No statistical significant difference was observed between SCI+VMHL and SCI+VMHL+MF rats.
Quinine hydrochloride. None of the groups preferred to ingest quinine hydrochloride solution at any study point.
Sucrose-induced biphasic response to noxious stimulus Week 0. In all groups, FPL increased at 0.5 h followed by reversal to baseline FPL at 1, 2 and 2.5 h and later decreased at 3 and 4 h after sucrose ingestion (Figure 1a) Week4. At week 4, baseline FPL was decreased in all rat groups, except Sham rats. In Sham rats, FPL responses to sucrose ingestion were similar to that at week 0. However, in SCI rats, FPL increased only at alternate study points (0.5, 2 and 3 h) vs their baseline FPL. SCI+MF rats showed higher FPL at 0.5, 1 and 2 h followed by reversal to baseline value at 2.5 and 3 h, whereas lower FPL at 4 h after sucrose ingestion. The FPL did not vary significantly in VMHL, SCI+VMHL and SCI+VMHL+MF rats from their baseline value at any study time points (Figure 1b ).
Week8. At week 8, the FPL of Sham rats was comparable to week 0 and week 4. In SCI rats, FPL was higher at 0.5, 1, 2, 2.5 and 3 h but was comparable at 4 h vs baseline FPL. Sham and SCI+MF rats showed similar responses in FPL to sucrose ingestion-that is, initial increase at 0.5 h, reversal to baseline FPL at 1, 2 and 2.5 and decrease at 3 and 4 h. The FPL did not vary significantly in VMHL, SCI +VMHL and SCI+VMHL+MF rats from baseline value at any other study time points (Figure 1c ).
c-Fos immunohistochemistry
Robust c-Fos expression in VMH of SCI rats (141.53 ± 42.49; P ≤ 0.001) was observed when compared with Sham rats (7 ± 4.58) at week 8. They were specifically seen at dorsomedial division of VMH (dm-VMH). In SCI+MF rats, c-Fos expression decreased (26.42 ± 14.7; P ≤ 0.001) vs SCI rats (Figure 2 ). Restorative effect of magnetic field on spinalised rats S Ambalayam et al Restorative effect of magnetic field on spinalised rats S Ambalayam et al
CV staining
In all VMH lesioned rats (VMHL, SCI+VMHL and SCI+VMHL +MF), CV staining of brain showed bilateral tissue loss in the VMH, thereby confirming the lesion of VMH (Figure 1d ). CV staining of SC sections of every rat in all the groups revealed bilateral tissue loss from the lesion epicentre. It was more in spinal cord sections of SCI rats as compared with SCI+MF rats (Figures 3a  and b) . The total volume of tissue damage in the SCI group was 17.95 ± 4.89 mm 3 , whereas in the SCI+MF group it decreased significantly to 13.36 ± 4.12 mm 3 , indicating attenuation in the extent of damage. 
GAP-43 immunohistochemistry
GAP-43 immunoreactivity in the spinal cord sections was utilised to study the neuronal sprouting. Negligible GAP-43 expression was seen at the lesion border of SC sections of all the SCI rats (Figure 4a ), whereas in SCI+MF rats their expression was significantly greater (Figure 4g ). Co-localisation of GAP-43 with NeuN and NF 160 in SCI +MF rats suggests that mature and viable neurons are regenerating axons ( Figure 5 ).
DISCUSSION
The present study was aimed to investigate the probable involvement of VMH in the aberrant feeding behaviour of spinalised rats and the influence of MF exposure on it. The data indicate hypophagia, hypodipsia, loss of BWT, increased preference for salt and sour tastants and sucrose-induced prolonged analgesia to nociceptive stimulus after complete transection of SCI in rats. These behavioural responses in spinalised rats are indicative of the involvement of VMH, which was supported by greater c-Fos immunoreactivity in VMH. Greater c-Fos immunoreactivity clearly supports its stimulated status after SCI. To confirm and decipher the precise involvement of VMH, its lesion was performed in SCI rats, which resulted in attenuation of SCI effects.
Daily exposure of SCI rats to MF significantly restored the above-mentioned effects of SCI. MF exposure resulted in reduced lesion volume, increased myelination and signs of regeneration at the site of SCI. The present study suggests that complete spinal cord transection in rats leads to stimulation of VMH, which reflects in its control on feeding behaviour. However, exposure to MF results in partial restoration of VMH functions probably secondary to limitation of the injury processes in the spinal cord.
The cumulative intake of food and water was decreased in spinalised rats immediately after surgery, which is in parallel with our previous report in a comparable rat model of SCI. 7 SCI-induced reduction in feeding behaviour is reported in rats by other researchers too, albeit in different injury modes and levels. [51] [52] [53] SCI rats exhibit reduction in oesophageal-gastric relaxation reflex, GI motility, 53 gastric emptying 54 and GI transit that results from gastro-inhibitory signals. [9] [10] [11] 55 Dye recovery studies have shown reduced transit time in jejunum (64.1%) and ileum (73.6%) of SCI rats. These effects are attributed to permanent changes in GI tract and homoeostatic mechanisms. 51 We suspect that such global changes in GI movements are unlikely to be the only peripheral deficit but possibly are the effects of supraspinal structures.
The supraspinal changes in sensorimotor cortex, thalamus and brain stem have been well documented in the literature by using elegant state-of-art techniques. Morrow et al. 56 have reported increase in blood flow to arcuate nucleus of SCI rats. The arcuate nucleus has rich monosynaptic connections with VMH, 57 which again indicates involvement of medial hypothalamus after SCI.
The FI, WI, BWT and taste preference are the functions of VMH. Although lesion of VMH causes hyperphagia, hyperdipsia, obesity and preference for high lipid and carbohydrate diet, its stimulation causes the opposite effects. VMH stimulation is also associated with inhibition of gastric motility, 58 which is also observed in SCI rats. In addition to alteration in feeding behaviour, our SCI rats exhibited higher preference for salt (NaCl) and sour (citric acid) tastants, whereas lower preference for sweet (sucrose and saccharin) tastants. The above data in conjunction with the literature further support the probable involvement and stimulation of VMH, leading to alteration in feeding behaviour of spinalised rats.
VMH also exerts a fine, complex and dynamic control on the biphasic pattern of pain response (that is, initial analgesia at 30 min followed by eualgesia at 1 h and hyperalgesia at 3 h) when the palatable food is ingested. 26 Either electrolytic lesion or 2-deoxy-D- Restorative effect of magnetic field on spinalised rats S Ambalayam et al glucose (2DG) micro infusion in VMH attenuated sucrose-fed hyperalgesia, 22, 25 indicating a critical involvement of VMH in the mediation of biphasic pain response after ad libitum sucrose ingestion. VMH contains a large number of glucoresponsive neurons 28, 59 that possess the ability to exert influence on satiety, palatability and palatability-induced modulation of pain. In our SCI rats, there was a significant prolongation in the initial analgesic response (0.5-3 h) after sucrose ingestion, over and above baseline hyperalgesia. These data further support involvement of VMH. The nature of involvement of VMH, that is, stimulation/ inactivation, was studied by c-Fos immunohistochemistry. c-Fos protein represents the product of the immediate-early gene, which has been used as a marker of neuronal activity. 60 The results indicate significant expression of c-Fos in the dorsomedial division of VMH (dm-VMH) in the spinalised rats, suggesting its activated status. The dm-VMH is particularly dense with neurons that respond to feeding cues, whereas the capsular region is critically important for receiving and probably processing afferent informations. 61 To further confirm the involvement of VMH, its lesion was performed immediately after SCI. VMH lesion in spinalised rats attenuated the effects of SCI on feeding-related parametersnamely, the FI, WI, taste preference and sucrose-induced biphasic pain, which were found to be comparable to VMHL rats. Therefore, the data obtained from spinalised rats with VMH lesion support the involvement of VMH after SCI in terms of its stimulation. Needless to say that, the involvement of VMH adds to the list of various other parts of the brain that are affected consequent to spinalisation. The BWT was significantly decreased in our SCI rats-that is in line with the existing literature. 51 Loss of BWT can be attributed to reduction in food and WI besides marked osteoporosis, 44, 62, 63 sublesional disuse wasting of muscles 64, 65 and other metabolic effects 66 in transection model of SCI. Primeaux et al. 51 reported a decrease in BWT after complete transection of spinal cord at T3 in female rats, which was maintained until week 18. Despite an increase in mean energy intake during week 16-18, the authors suggested that the decrease in BWT in SCI rats was not due to hypophagia but possibly due to permanent changes in homoeostatic mechanismsnamely, atrophy of muscles, GI transit and absorption. They concluded that regulatory mechanisms for FI and BWT are dissociated. However, our study does not agree with their study because our rats were hypophagic and the food and WI were measured from day 1 after surgery. In contrast, Primeaux et al. 51 have measured the mean energy intake during week 16-18 only.
MF exposure to SCI rats resulted in significant improvement of their FI, WI and BWT during week 1 through 8, albeit less than the Sham rats indicating partial recovery. This is further supported by reduction in c-Fos immunoreactivity of VMH. However, when MF was provided to VMH-compromised SCI rats, there was no further improvement in the data obtained from VMH-compromised SCI rats. These observations lead us to logically conclude that the daily exposure of SCI rats to MF resulted in the reduction of stimulation of VMH.
MF exposure to SCI rats restored the taste preferences and the biphasic pattern of sucrose-induced pain modulation. However, the MF exposure to VMH-compromised SCI rats did not restore the biphasic pattern, as the effect of VMH lesion predominated in them. These data again revealed the beneficial effect of MF on VMH function.
To study the influence of MF exposure on SCI-induced spinal segmental changes, CV staining of SC was performed. Remarkable reduction in the lesion volume was noticed in MF-exposed SCI rats, which is supported and contributed by the presence of greater myelination around the lesion site as revealed by LFB staining. Moreover, significant increase in the GAP-43, which is an endogenous indicator of axonal regeneration, and its co-localisation with NeuN (mature neuronal marker) and NF 160 (marker of axon) in the MF-exposed SCI rats indicates the neuronal sprouting and regeneration that contributes to reduction in lesion volume.
Successful regeneration in CNS neurons has been closely correlated with GAP-43 expression. 67 GAP-43 generally gets concentrated at the axonal growth cone, where it seems to have an important role in the transduction of growth cone guidance signals. Some degree of functional recovery, however, can be observed without management. 68 Our SCI rats also exhibited minimal GAP-43 expression around the lesion site without MF exposure. Figure 3 Photomicrograph of CV and LFB-stained spinal cord sections. Tissue degeneration at the lesioned area of spinal cord was more in SCI rats (a) than SCI+MF (b) rats. In SCI+MF rats, viable motor neurons were indicated by arrowheads (b'), whereas in SCI rats (a') the viable motor neurons were absent and dense inflammatory cells were observed. (c, d) LFB-stained spinal cord sections of SCI and SCI+MF rats, respectively. Blue-stained region shows the myelinated area (white matter). Demyelinated volume in SC sections of MF-exposed rats was less than that of SCI rats. + sign in the inset graph indicates comparison with SCI rats. A full color version of this figure is available at the Spinal Cord journal online.
Although the exact mechanism for these beneficial effects of MF is not known, several possibilities have been proposed. ELF-MF stimulation creates intense rapid electric fields that can penetrate soft tissue and bone to reach deep structures including the nervous system. If the created electric field is of appropriate intensity, amplitude and duration, the neural microenvironment can be altered besides being stimulated through depolarisation. 69 This may help in the maintenance of functional integrity of the neurons after injury. In addition, the restoration of the neurochemicals (for example: brain-derived neurotrophic factor, glial cell-derived neurotrophic factor) complements and provides functional conducive microenvironment for perpetuation of further regeneration. It is also found to promote osteogenesis, 70 nerve regeneration; 42 besides reducing apoptosis, 71 oxidative stress 72 and inflammation. 73 This study reports the beneficial effect of MF on SCI-induced energy imbalance in rats, which can be attributed to the change in VMH function. This change in the VMH function is possibly secondary to spinal changes-namely, reduction in degeneration, reduction in lesion volume and enhancement in neuronal regeneration around the injury site. This is the first report to suggest a non invasive, safe, non pharmacological management strategy that limits the sequelae of SCI.
Further studies in this area are needed to carry forward the research outcome of this study for the benefit of SCI patients. 31, 47 DATA ARCHIVING There were no data to deposit. Restorative effect of magnetic field on spinalised rats S Ambalayam et al
